Abstract Concurrent reconstructions of October-April precipitation at Madaba and Rabba gauging sites in central Jordan back to the year 1777 using a multivariate regression model are presented. The reconstruction model was calibrated using concurrent precipitation and tree-ring data for the period 1953-1981 The regression equation is significant (p < 0.05), while reconstructions account for 53% and 48% (adjusted for lost degrees of freedom) of the total variability of the precipitation at the Madaba and Rabba sites, respectively. The validation statistic obtained indicates the existence of worthwhile information in the reconstructions. A threshold of 1 standard deviation below the mean is used to define extremely dry years. The concurrent analysis of the reconstructed precipitation at both sites indicates the occurrence of 24 regional extremely dry periods of between 1 and 2 years' duration. Dry periods of more than 2 years' duration rarely occur. This study indicates the occurrence of noticeable extremely dry individual years: 1800, 1827, 1895 and 1933. The estimated mean recurrence times of extreme droughts are 9.3 and 51.3 years for droughts of 1-year and 2-years duration, respectively.
INTRODUCTION
The climate in Jordan is mainly characterized by an extremely dry season that extends from May to September, followed by a moderately wet season that generally starts in October and ends in April. The majority of rainfall and snowfall events occur during the months December-March. The western highlands are classified as semi-arid regions with mean annual precipitation around 400 mm, while the eastern plains are classified as arid regions with mean annual precipitation of 100 mm or less. In arid regions, extended years of dryness are considered to be a common problem adversely affecting both human activities and environmental requirements.
The term "drought" is used to describe the complex natural phenomenon of lack of moisture during a time period over a region (Sen, 1998) . The length of the drought is defined as an uninterrupted sequence (years) of observations of precipitation below a predefined threshold, given that the dry sequence is preceded and followed by at least one observation above that threshold (Yevjevich, 1967) . The magnitude of a particular drought is obtained by accumulating the deficits over the duration of that drought (Sharma, 2000) . A drought of particular duration is associated with a mean recurrence time defined as the expected value of the interarrival time between two successive occurrences of the event under consideration (Douglas et al., 2002) .
In general, operational policies of water resources systems rely on the available instrumental records of precipitation or streamflow. However, most of these records are relatively short for the purpose of characterizing extreme droughts. The short instrumental records may not reflect consistent information about the random nature of extreme droughts, due to the limited number of extreme events that can be observed (Woodhouse, 2001) . In Jordan, most of the high-quality observed records of precipitation started in the 1940s or 1950s .
Normally, a year of low precipitation causes trees that are sensitive to moisture to form narrow ring widths; therefore, an appropriate series of tree ring widths may indirectly represent the history of precipitation within the region where trees grow (Brito-Castillo et al., 2003) . Dendrochronology, i.e. the study of tree-ring data, provides useful information to augment short records of hydrological variables, such as precipitation or streamflow, back in time to a length that is enough to capture a wide range of the randomness of extreme droughts (Woodhouse, 2000) . In the literature, several recent dendroclimatological studies have focused on analysing droughts in the eastern Mediterranean (e.g. Akkemik, 2000; Touchan et al., 2003 Touchan et al., , 2005 Touchan et al., , 2007 Akkemik et al., , 2008 ; however, few studies have considered the analysis of droughts in the region of Jordan (e.g. Touchan et al., 1999) .
In the recent dendroclimatological studies mentioned above, the characterization of regional droughts is made available through reconstructing the average precipitation over the specified region where many precipitation gauging sites are located. The reconstructed average precipitation series is analysed to portray regional droughts. In principle, this approach is useful when the regional inter-station correlation of precipitation is high, indicating a strong regional climate signal . However, when the regional inter-station correlation of precipitation is relatively low (as is the case in a region of large area), employing multivariate models to reconstruct precipitation at many sites all at once would be an attractive option in that such models are capable of preserving the spatial variability of precipitation over a region having many gauging stations. In this paper, the approach is to reconstruct precipitation at all sites simultaneously and then analyse the reconstructions collectively for the purpose of characterizing extreme regional droughts. The procedure of analysing precipitation at many gauging sites collectively has been reported in the hydrology literature where it was used to analyse regional droughts (e.g. GuerreroSalazar & Yevjevich, 1975; Tase, 1976; Santos, 1983; Sen, 1998; Rossi & Cancelliere, 2003) .
Our objectives were: (a) to concurrently reconstruct the October-April precipitation at Madaba and Rabba gauging sites in central Jordan using the multivariate regression model; and (b) to analyse the reconstructed precipitation at the two sites jointly to characterize extreme regional droughts. The study gains importance for being the first study that considers the analysis of regional droughts in central Jordan where information on the severity and frequency of droughts is a crucial issue.
PRECIPITATION AND DENDROCHRONOLOGICAL DATA USED
The rainy season in Jordan usually starts in October and ends in late April, with almost no major precipitation events occurring during the other months. Precipitation data for Madaba and Rabba gauging sites (Fig. 1) were used to represent the region of central Jordan. For each site, the October-April monthly precipitation data over the period 1953-1998 were summed to obtain the rainy season total precipitation. The mean and standard deviation of the rainy season total precipitation are 329.3 mm and 120.5 mm, respectively (Madaba gauging site), and 327.4 mm and 120.2 mm (Rabba gauging site). The serial autocorrelation in the series of the total precipitation was checked against the lag time in years for both sites and the results show insignificant serial correlation.
The residual chronology for the period 1469-1995, considered initially to reconstruct the rainy season precipitation in central Jordan, was constructed by Touchan et al. (1999) for the Dana Reserve and Tor Al-Iraq tree site in southern Jordan. This residual chronology is available from the International Tree Ring Data Bank (ITRDB). chronologies for two sites in northern Jordan and one site in Israel; however, these new chronologies start in 1930, so they are too short for reconstructing precipitation in Jordan.
We initially used the residual chronology of the Dana Reserve and Tor Al-Iraq tree site as the only predictor to reconstruct precipitation in central Jordan, and the amount of explained variance achieved by the reconstruction was relatively low (around 30%) compared to a similar study for southern Jordan . Useful values of explained variance range from 40 to 70% (Woodhouse, 2000) . Therefore, to improve the explained variance, tree sites from the East Mediterranean region were selected, since they may serve as additional predictors to reconstruct the rainy season precipitation in central Jordan. Generally, climate is the primary limiting factor to growth in arid and semi-arid near-east countries (Touchan et al., 2003) .
Residual chronologies from tree sites in Lebanon, Turkey and Cyprus were considered. The records of the ITRDB include only one chronology for Lebanon, starting in 1829, that is relatively short for the purpose of this study; chronologies of 200 years or more are considered appropriate for reconstruction purposes . Chronologies from Turkey show insignificant correlation with the precipitation in central Jordan; thus, they were discarded from the pool of possible chronologies to reconstruct precipitation in central Jordan. There are 14 chronologies from Cyprus in the ITRDB records. Initial screening of these chronologies resulted in 12 being excluded (six due to shortness, three not available as residuals, and three show insignificant correlation with the precipitation in central Jordan). Table 1 shows the characteristics of the chronology residuals, after screening, that can be used as possible predictors to reconstruct the October-April precipitation in central Jordan. Figure 2 shows the correlation between the residual chronologies and the monthly precipitation at the two sites in central Jordan. Generally the precipitation in the months December-April shows significant correlation with tree-ring widths, which indicates that low rates of precipitation in these months limited the size of the tree-rings. Although the precipitation in October and November shows insignificant correlation with the tree-ring data (Fig. 2) , we decided to include these months in the rainy season since their contribution to the total rainy season precipitation is very small (around 8%). Table 2 shows the correlation coefficient between the residual chronologies and the total rainy season precipitation (October-April) at both sites in central Jordan. Generally, significant correlation is found between precipitation and the residual (Johnson & Wichern, 2005) :
where y and x are vectors of means of y t and x t over the calibration period, respectively, and b is the vector of the model parameters. The least squares estimate of b is given as (Johnson & Wichern, 2005) :
where the superscript -1 stands for the inverse of the matrix.
The stepwise regression analysis was performed to verify the significant predictors to reconstruct annual precipitation in central Jordan. Over the calibration period 1953-1981, where concurrent observations of precipitation and tree-ring data are available, the results of the stepwise regression analysis indicate the significance of the three chronologies listed in Table 1 as predictors to reconstruct the October-April precipitation at the two study sites. Table 3 shows the calibration statistics of R 2 , R 2 adjusted for the lost degrees of freedom, F and p. The regression equation between the tree-ring indices and the October-April precipitation over the calibration period is significant (p < 0.05) while reconstructed precipitation accounts for 53% and 48% (adjusted for lost degrees of freedom) from the total variability of the observed precipitation at Madaba and Rabba gauging sites, respectively. In this study, the values of R 2 and the adjusted R 2 are comparable to values found by similar studies in nearby regions (e.g. Touchan et al., 1999) . To verify the reconstructions, the precipitation values estimated using equation (1) are compared with independent values not used to calibrate the model, i.e. not used to estimate the model parameters. Since the full calibration period 1953-1981 is relatively short (29 years), the cross-validation was made using the "drop sub-period" procedure, i.e. the full calibration period 1953-1981 was divided into six sub-periods, each of 5 years length. Model 1 (equation (1)) was calibrated over five sub-periods and used to estimate the precipitation over the dropped period, and so on. The validation statistic, RE, that indicates the existence of worthwhile information in the reconstruction, is estimated as (Fritts, 1976 
where N is the size of the validation period (N = 29 years in this study), c y is the mean of the site precipitation used in the calibration period, i.e. the mean over five sub-periods; and is the predicted value for the dropped period using Model 1. The values of validation statistic RE obtained (shown in Table 3 ) were 0.48 (Madaba) and 0.42 (Rabba). Any positive value of RE indicates the existence of worthwhile information in the reconstructions (Fritts, 1976) . The sign test was also used to indicate how well the precipitation reconstructed using treerings estimates tracks the direction of change from year to year in the instrumental record (Fritts, 1976) . The results of the sign test over the calibration period exceed the 95% confidence level (22+/7-) for the Madaba gauging site and (24+/5-) for the Rabba gauging site. Additional validation of the reconstruction was obtained by comparing the recorded and estimated extremely dry years. Extremely dry years are defined as years of precipitation lower than the threshold of one standard deviation (SD) below the long-term mean (Akkemik et al., , 2008 . Figure 3 shows that, during the period 1953-1981, 67% (two-thirds) of extremely dry years in the actual and reconstructed October-April precipitation were found to agree in both sites. Specifically, one should observe the match years 1958 and 1963, which were extremely dry years. The correlation coefficient between the reconstructed and observed precipitation is 0.75 and 0.72 for Madaba and Rabba gauging sites, respectively (both are statistically significant at α = 0.05).
The sub-sample signal strength (SSS) is a guide to assess the likely loss of reconstruction accuracy when the chronology consists of a limited number of series (Wigley et al., 1984) . The analysis shows that 1777 should be the first year for the reconstruction that corresponds to minimum sample depth of five trees for Plano Platres in Cyprus (SSS > 0.85). In 1777, the SSS exceeds 0.85 for the other two chronologies shown in Table 1 . Figure 4 shows the time series of the fully reconstructed October-April precipitation at the two sites in central Jordan over the period . Comparing the reconstructed values (Fig. 4) over the extension period (1777-1952) with the reconstructed precipitation over the period of the instrumental record , one may observe the occurrence of several extremely dry years that are comparable to the driest year (1963) from the reconstructed precipitation over the period of the instrumental record.
ANALYSIS OF REGIONAL DROUGHTS IN CENTRAL JORDAN
To estimate the mean recurrence time of extreme regional dry years in central Jordan, a threshold of one standard deviation (1 SD) was considered. Figure 3 shows the instrumental and reconstructed precipitation for both sites in central Jordan truncated at the level of 1 SD below the longterm mean of the reconstructed precipitation over the calibration period 1953-1981. Analysing both sites concomitantly, i.e. based on a regional context, the longest regional droughts are 1-year droughts that occur in 1958, 1960 and 1963 (instrumental precipitation) and in 1958, 1963 and 1970 (reconstructed precipitation) (Fig. 3) .
Considering the fully reconstructed precipitation for the analysis of extreme regional dry years that exceed the threshold of 1 SD, Fig. 4 indicates that extremely dry years fall generally as individual years (21 events), sometimes at 2-year intervals (three events) and rarely at 3-year intervals. This result has been observed by other researchers in nearby regions (e.g. . Figure 3 shows that extremely dry events of 2-year duration occurred several times in the reconstruction period, in 1783-1784, 1870-1871, and 1914-1915 . When dry years obtained from this study are compared with those obtained from a previous dendroclimatological study in the region of Jordan , one finds significant similarity between years considered as dry. For example, one may refer to the 2-year events in 1783-1784 and 1870-1871, and the 1-year events in 1786 , 1800 , 1814 , 1827 , 1847 , 1865 , 1883 , 1895 , 1933 , 1936 , 1958 , 1963 and 1970 . The years 1800 , 1827 , 1895 and 1933 are considered extremely dry years, as both studies indicate this.
If the precipitation data length is L and the number of extremely dry events N e , then one may simply observe that the mean recurrence time (T) of the extremely dry events, defined as the expected value E(W) of the waiting time (w) between successive events, can be estimated as: where N is the number of waiting time intervals over the record length. It can be shown that N equals the number of dry events plus 1. For the instrumental period L equals 29 years while for the full-reconstructed period L equals 205 years. Table 4 shows the number of droughts and the mean recurrence time obtained using equation (4) for regional droughts by analysing simultaneously the reconstructed precipitation at both sites in central Jordan. Apparently the limited number of extreme regional dry events obtained utilizing the short reconstructed precipitation over the instrumental period is not sufficient to provide steadfast information about the distribution of the drought duration. Moreover, the frequency of drought of a given duration either cannot be determined or largely departs from its expected value. However, the analysis of the full-reconstructed precipitation allows one to spot a large number of extreme regional droughts and provides valuable information about drought duration, magnitude, and its mean recurrence time.
Table 4
The number (N e ) and mean recurrence time (T) of extreme regional droughts analysed concurrently using reconstructed precipitation from both gauging sites in central Jordan. Since Jordan is considered to be an arid region, setting a new threshold at the level of the long-term mean, i.e. 0 SD, is a worthwhile option for analysing the extremes of drought duration. The analysis of the fully reconstructed precipitation , considering both sites together, shows the occurrence of 53 regional droughts distributed as 30 events of 1-year, 10 of 2-year, seven of 3-year, three of 4-year, and three of 5-year duration. The analysis shows the occurrence of extremely long droughts (4 or 5 years) when compared with the result obtained from analysing the reconstructed precipitation over the instrumental period , which shows the occurrence of droughts of 2-year duration or less.
The mean recurrence times of regional droughts resulting from the above analysis are obtained using equation (4), and these are: 6.6, 18.6, 25.6, 51.3 and 51.3 years for droughts of 1-, 2-, 3-, 4-and 5-year duration, respectively. The increasing mean recurrence time of regional droughts as the duration increases is expected, because droughts turn out to be more extreme events as the duration increases. These findings are comparable to the results of Touchan et al. (1999) , whose analysis indicates the past occurrence of droughts of 4-year duration (three events). Moreover, the average interval between drought occurrences was reported as 4.2 years for the region of southern Jordan by Touchan et al. (1999) , compared to 3.9 years estimated by this study for central Jordan. In general, both studies indicate that a drought occurs every 4 years on average, and both studies also show the dominant occurrence of short dry events, i.e. 1-2 years, while regional droughts of extreme duration, 3-years or more, rarely occur.
CONCLUSIONS
This study presents the concurrent reconstruction of October-April precipitation for two sites in central Jordan over the period 1777-1981. Defining extremely dry years as years with precipitation lower than the threshold of one standard deviation below the long-term mean, the analysis of the fully reconstructed precipitation at both sites collectively shows the occurrence of 24 regional dry events, of duration range between 1 and 2 years. Extreme events of more than 2 years' duration rarely occur. Extremely dry events of 2-year duration occur several times in the reconstruction, in 1783-1784, 1870-1871, and 1914-1915 , as has also been detected in earlier studies . The years 1800, 1827, 1895 and 1933 are considered extremely dry years, as indicated by both this study and earlier studies.
The estimated mean recurrence times of extreme droughts are 9.3 and 51.3 years, for droughts of 1-year and 2-year duration, respectively. In general, this study highlights the dominant occurrence of short extreme droughts, 1-2 years, in the arid region of Jordan. Extreme droughts of duration longer than 2-years rarely occur. It can be concluded from the analysis that the mean recurrence time of regional droughts increases as the drought duration increases. The analysis presented confirms the usefulness of reconstructed precipitation to analyse extremely dry years when compared to the short record of instrumental data. The reconstructed precipitation provides a considerable number of extreme regional droughts that is large enough to provide valuable information related to drought duration, magnitude and mean recurrence time.
